Numerous factors including ultraviolet (UV) radiation and growth factors regulate the specific function of epidermal melanocytes. A recently discovered epidermal growth factor is sAPP, the soluble N-terminal ectodomain of the β-amyloid precursor protein (APP). Using whole mount preparations of isolated human epidermis, we detected a small population of basal cells, which expressed exceptionally high levels of APP. These cells were identified as melanocytes, which, similar to keratinocytes and neuronal cells, expressed the three APP isoforms 695, 751, and 770. They differed in their expression pattern from that of neuronal cells by expressing only low levels of APP 695. Melanocytes and melanoma cells in vitro released, in addition to keratinocytes, large quantities of sAPP. Because of its growth factor function, we studied possible effects of sAPP on melanocytes. Recombinant sAPP strongly increased lamellipodia activity at dendritic tips, an effect that coincided with increased release of melanin particles. Our observations point to the possible use of APP as an immunocytochemical marker for melanocytes. They suggest that sAPP derived from keratinocytes and/or melanocytes belongs to a family of factors operating in the paracrine and/or autocrine regulation of melanocyte function.
igmentation of mammalian skin results from the deposition of melanin and requires the cooperation of two distinct epidermal cell types, melanocytes and keratinocytes. Both cell types form the "epidermal-melanin unit" (1) , which consists of a melanocyte providing an assembly of 30 to 40 surrounding keratinocytes with melanin (2, 3) . Melanocytes reach the basal layer of the epidermis during embryogenesis by migration from the neural crest. The density of melanocytes differs in various skin regions with highest densities in the genital region (4) and lowest in the abdominal skin (5) . In addition, ultraviolet (UV)-induced proliferation of melanocytes has been described resulting in an about twofold increase in the number of melanocytes in chronically sun-exposed skin (6) . Besides UV light, α-melanocyte stimulating hormone (α-MSH) together with basic fibroblast growth factor (bFGF) is able to stimulate melanocyte proliferation (7) . However, the major determinant of pigmentation is not the number but the activity of melanocytes (8) , which is mainly based on two mechanisms: melanin biosynthesis in melanocytes and melanosome transfer to keratinocytes. Both mechanisms appear to be directed mainly by two factors, i.e., UV radiation (9) and α-MSH (10), as well as by a number of growth factors and cytokines (3, 11) . Additional factors involved are of great interest for understanding skin pigmentation in general and melanocyte physiology in particular.
A possible source of peptides active in the regulation of melanocyte function is the β-amyloid precursor protein (APP), which is a transmembrane cell surface protein with a large N-terminal extracellular portion containing remarkable functional protein domains (see Fig. 1A ). APP is known as the precursor of the Aβ-peptides and believed, therefore, to be a key factor in the pathogenesis of Alzheimer's disease (12, 13) , whereas its physiological role is still poorly understood. APP is highly conserved in evolution (14) , and it constitutes a family of different isoforms that are generated by alternative splicing of the 18 exons encoded by the APP gene (15) . These different APP isoforms are referred to their length in amino acids. APP 695 mRNA lacking exon 7 and 8 is the most abundant APP transcript in the brain (16) (17) (18) . In peripheral organs such as the epidermis (19) , the APP isoforms 770 and 751 are found as major primary translation products (16, 17, 20) . In addition to APP, two closely related homologs, the amyloid precursor-like proteins APLP1 and APLP2, are expressed in vertebrates. Double and triple knockouts of APP, APLP1, and APLP2 in mice are lethal, suggesting that these proteins are essential (21) . A number of functions have been ascribed to the APP molecule, including its possible role as a membrane receptor protein (12) . Recent studies on the physiological role of APP have focused on its soluble N-terminal ectodomain (sAPP), which exhibits an overall structure resembling the functional domain characteristics of a growth factor (22) . Indeed, sAPP has been shown to stimulate cell proliferation in APP-deficient fibroblasts (23) , neuroprotection (24) , and neurite outgrowth (25, 26) . We have shown that sAPP functions as an epithelial growth factor (27) in that it binds to the surfaces of thyrocytes (28) and keratinocytes (19) with high affinity, resulting in the induction of cell proliferation by MAP kinase. Furthermore, we have observed that it stimulates keratinocyte motility and migration (29) , suggesting that it is a factor involved in epidermal wound healing (30) . Despite this knowledge in sAPP action, the putative receptor for sAPP is as yet unknown (27) .
In this report, we demonstrate that in the epidermis APP is most prominently expressed in melanocytes, suggesting its suitability as an immunocytochemical marker. In cell culture studies, melanoma cells were included as they exhibit important characteristics of human epidermal melanocytes. We show that sAPP, similar to α-MSH, stimulates lamellipodia activity at dendritic tips and increases the exocytic release of melanin. Our observations allow the conclusion that sAPP is a new member in the family of factors involved in the regulation of pivotal melanocyte functions.
METHODS

Cells, tissues, and materials
The A375 human pigmented melanoma cell line (A375) was purchased from European Collection of Cell Cultures (ECACC, Salisbury, UK), normal human epidermal melanocytes (NHEM) were from PromoCell (Heidelberg, Germany), normal human keratinocytes (NHK) were from Clonetics Corporation (San Diego, CA), HaCaT cells (31) were kindly provided by Dr. N. E. Fusenig (German Cancer Research Center, Heidelberg, Germany), and the human neuroblastoma cell line SH-SY5Y was obtained from American Type Culture Collection (ATCC, Rockville, MD). Human epidermis was prepared from surgically removed human breast skin. The monoclonal antibody 6E10 directed against the amino acid sequence 1-17 of human β-amyloid peptide was from Signet (Dedham). The polyclonal antiserum CT15 (32) against the C terminus of APP was kindly provided by Dr. E. Koo (UCSD, La Jolla, CA). The monoclonal antibody against tyrosinase and the monoclonal antibody P5D2 against β1-integrin were from Chemicon International (Hofheim, Germany). The secondary 5-(4,6-dichlorotriazin-2-yl)-aminofluorescein hydrochloride (DTAF)-or Cy3-labeled anti-rabbit or anti-mouse IgG antibodies were from Dianova (Hamburg, Germany).
Preparation of recombinant sAPP
The preparation of recombinant sAPP (sAPPrec; Fig. 1B ) was as follows. The sAPP-RNA of the isoforms APP 695, 751, and 770 was isolated from human brain tissue and reversely transcribed. The resulting cDNAs were amplified by PCR using a primer encoding a His tag at the N terminus. The sAPP isoforms were expressed in EBNA293 cells cultured in serum-free Dulbecco's minimal essential medium (DMEM, Bio Whitacker, Apen, Germany), using the episomal pCEP4 expression vector system (Invitrogen, Groningen, The Netherlands). The supernatants of cells were collected, and His-tagged sAPP isoforms were purified using Talon TM metal affinity chromatography (Clontech, Palo Alto, CA). The bound His-tagged isoforms were eluted by the application of a pH shift (50 nM Na 2 HPO 4 , pH 5.0, in 300 mM NaCl) as described previously (28) , and fractions were tested for purity by SDS-PAGE. Only the pure fractions were combined and dialyzed overnight against PBS before use.
Cell culture
A375 and HaCaT cells were cultured in DMEM supplemented with 10% fetal calf serum (FCS, GIBCO/BRL, Eggenstein, Germany). SH-SY5Y were cultured in a 1:1 mixture of Eagle's minimum essential medium and Ham's F12 medium (Bio Whitacker, Apen, Germany) supplemented with 10% FCS. NHEM were cultured in a serum-free melanocyte growth medium (PromoCell, Heidelberg, Germany) containing 0.4% bovine pituitary extract (BPE), 5 µg/ml insulin, 1 µg/ml human basic fibroblast growth factor (hbFGF), 10 µg/ml phorbol myristate acetate (PMA), 500 µg/ml hydrocortisone, 100 mg/ml gentamicin, and 50 µg/ml amphotericin B. NHK were initiated into culture by modification of a method of Rheinwald (33) and Green (34) and subcultured in a serum-free keratinocyte basal medium (KBM, Bio Whittaker, Apen, Germany) containing 0.4% BPE, 0.5 mg/ml insulin, 100 pg/ml human epidermal growth factor (hEGF), 500 ng/ml hydrocortisone, 20 µM CaCl 2 , and 0.1% gentamicin sulfate/amphotericin B. All cells were cultured at 37°C at 5% CO 2 and 95% air.
Isolation of human epidermis
Human skin from surgically removed female breast was freed of excess dermal tissue, cut into pieces of 5-10 mm 2 , and washed with serum-free DMEM. After digestion with 10 mg/ml dispase II (Roche Molecular Biochemicals, Mannheim, Germany) in serum-free DMEM buffered with 20 mM HEPES for 15-20 h at 4°C, epidermal sheets were separated from the underlying dermal tissue and washed in phosphate buffered saline (PBS). To test the preservation of the epidermal layers, the isolated epidermis was fixed in 4% paraformaldehyde in PBS for 2 h at room temperature, dehydrated in ethanol, and embedded in paraffin using standard procedures. Fivemicrometer sections were stained with hematoxylin and eosin. To test the preservation of the basal cell layer, isolated epidermis was subjected to immunofluorescence labeling with the anti-β1-integrin antibody P5D2. For this purpose, 7-µm cryostat sections as well as whole mount preparations of isolated human epidermis were fixed in 4% paraformaldehyde in PBS for 60 min at room temperature. After being washed in PBS five times for 5 min, nonspecific binding of antibody was blocked with 3% bovine serum albumin (BSA) in PBS for 1 h at 37°C followed by incubation with the primary antibody (1:30) in PBS for 1 h at 37°C. After being washed in PBS five times for 5 min at room temperature, cryostat sections or whole mount preparations were incubated with the secondary DTAF-labeled anti mouse IgG antibody (1:100) for 1 h at 37°C. After being washed in PBS four times for 5 min and once with water, the preparations were mounted with anti-fade reagent (Biomeda Corporation, Foster City, CA).
Immunocytochemical detection of APP in melanocytes using whole mount preparations of isolated human epidermis and cultured melanocytes and melanoma cells
To investigate the lateral distribution of APP in the epidermal basal layer, isolated epidermal sheets were fixed in 1% paraformaldehyde in PBS (60 min at room temperature) followed by treatment with 0.2% Triton X-100 (10 min at room temperature) and blocked with 3% BSA in PBS (1 h at 37°C). APP was visualized by incubation of the whole mount epidermis using the rabbit anti-APP antiserum CT 15 (1:100) in PBS for 2 h at 37°C. Melanocytes in the isolated epidermal sheets were identified by the colocalization of tyrosinase. For this purpose, isolated epidermal sheets were fixed with acetone for 10 min at -20°C and blocked as described above. This fixation procedure proved to be not optimal for the preservation of epidermal structure, but tyrosinase remained well detectable. The localization with tyrosinase was performed subsequently to the localization of APP by incubation of the whole mount epidermis with the monoclonal mouse anti-tyrosinase antibody (1:20) in PBS for 2 h at 37°C. For immunofluorescence visualization, the epidermal sheets were incubated with DTAF-labeled goat anti-rabbit IgG (1:100) in PBS for 1 h at 37°C followed by incubation with Cy3-labeled antimouse IgG antibody (1:100) in PBS for 1 h at 37°C. After fixation, treatment with Triton X-100 and BSA, and every antibody incubation, the epidermal sheets were washed in PBS five times for 5 min.
For immunocytochemical detection of APP in cultured cells, isolated human melanocytes or melanoma cells (NHEM or A375) were plated on coverslips, fixed with acetone for 5 min at -20°C, washed in PBS five times for 5 min, and blocked with 3% BSA in PBS (1 h at 37°C) before being immunolabeled as described above.
Detection of melanocytes in whole mount preparations of isolated human epidermis using the L-3,4 dihydroxyphenylalanine reaction
To determine the preservation and distribution of melanocytes, isolated epidermal sheets were fixed in 4% paraformaldehyde in PBS for 2 h at room temperature followed by incubation with 0.1% L-3,4 dihydroxyphenylalanine (DOPA, Sigma-Aldrich) in PBS for 2 h at 37°C. After the DOPA reaction was stopped with water, the epidermal sheets were mounted with anti-fade reagent.
RNA isolation and reverse transcription-polymerase chain reaction
Total RNA was isolated from cells using the RNeasy Total RNA kit (Qiagen; Hilden, Germany) according to the instructions of the manufacturer. One microgram of total RNA was used in cDNA synthesis using 200 U Superscript TM II (Invitrogen; Karlsruhe, Germany) in a 20 µl reaction volume. For the detection of different APP isoforms, 5 µl cDNA was amplified by PCR with primers APP Ex6 (5′-AAGCCACAGAGAGAACCACCAGCATT-3′) and APP Ex10 (5′-GCTTGACGTTCTGCCTCTTCCCATT -3′) annealing in exons 6 and 10 of APP with 30 cycles at 94°C for 30 s, 55°C for 30 s, and 72°C for 45 s. PCR products were size-separated by 2% agarose gel electrophoresis and visualized by ethidium bromide staining.
Quantitation of APP expression
A375 and HaCaT cells were cultured to confluence in six-well plates and depleted of methionin (M) and cystein (C) for 30 min with M/C-free DMEM. Cells were pulsed for 30 min with 1 ml M/C free DMEM containing 100 µCi M/C Promix (Amersham Bioscience, Netherlands). After being washed two times with cold PBS, cells were collected with a cell scraper, centrifuged for 5 min at 500 g, and lysed with RIPA buffer containing a protease inhibitor mix (Sigma-Aldrich, Germany) for 30 min at 4°C. Samples were centrifuged at 15,000 g for 10 min before protein concentration of supernatants was determined by Bio-Rad D C protein assay (BioRad, Germany). Lysates were adjusted to the same protein concentration and incubated for 3 h with 1 µg 6E10 monoclonal antibody directed against the amino acid sequence 1-17 of human β-amyloid peptide. Immune complexes were precipitated with 15 µl protein G agarose gold (Santa Cruz, Germany) for 2 h. Samples were centrifuged for 1 min at maximum speed in a table top centrifuge and washed two times with RIPA buffer and once with PBS. After being washed, the agarose pellets were boiled for 5 min in SDS sample buffer and separated by PAGE. Gels were fixed, dried, and exposed to a phosphorimaging screen for up to 72 h. Quantitation was performed by Cyclone Storage Phosphor Screen System (Packard Bioscience, Meriden, CT) and Optiquant analysis software. Radiolabeling in M/C-free media was possible only with A375 and HaCaT cells. NHEM and NHK require defined media, which were not available M/C free. Cultivation in other media is not recommended, because cells tend to differentiate and to die during long-term labeling experiments.
Quantitation of sAPP secretion
For analyzing the secretion of sAPP, A375 or HaCaT cells were cultured in DMEM in six-well plates. At confluence, cells were washed and incubated for 6 h with 1 ml long-term labeling DMEM (9 vol of M/C-free DMEM, 1 vol DMEM with 15 mg/l M and 24 mg/l C), containing 500 µCi M/C Promix. After being labeled, cell culture media were centrifuged at 1000 g for 5 min and cells were lysed with RIPA buffer. After Bio-Rad D C protein assay, cell-free culture media corresponding to the same protein amounts of lysates were incubated for 3 h with 1 µg 6E10 monoclonal antibody. Immunoprecipitation, sample preparation, and quantitation were performed as described above.
Motility assay (live cell imaging)
NHEM from second to fith passage or A375 cells were plated at a cell density of 5,000 cells/cm 2 in 35-mm glass bottom culture dishes (BD Biosciences, Bedford, MA) coated with 5 µg/ml collagen IV from human placenta (Sigma-Aldrich, Taufkirchen, Germany). Cells were grown for 18 h in complete culture media. To analyze the effects of sAPPrec and α-MSH on lamella dynamics, 10 nM sAPP695rec, 10 nM sAPP751rec, or 50 nM α-MSH (Sigma-Aldrich, Taufkirchen, Germany) were applied in serum-free culture media before live cell imaging was started. Control experiments were performed using serum-free culture media.
Microscopy of living cells was performed using an inverted Zeiss 510 Laser Scanning Microscope (LSM, Zeiss, Jena, Germany) equipped with a 63 × 1.4 NA plan apochromat oil immersion objective. During live cell imaging, the temperature was kept constant at 37°C by storing the culture dish in a heated incubation chamber (Zeiss). Time-lapse recordings were performed using the LSM standard software of the manufacturer. Phase contrast images of motile NHEM and A375 cells were captured at an interval of 2 s for 5 min. To quantify lamella dynamics, the phase contrast images were analyzed by the computer-assisted motility assay as described by Hinz et al. (35) . To monitor lamellipodia activity at the dentritic tips, the area of interest along a line was marked on the phase contrast image. This line extended from inside the tip of the dendrite to the substrate outside the cell by crossing the lamellipodia region transversally to the cell edge. Distinct gray values of structures with a width of one pixel visible in phase contrast in the area of interest were then digitally recorded. The position of the dendrite edge and of dark lamella structures could be identified on this segment when compared with the original image. A time space plot based on ~150 pictures resulted in a stroboscobic image, which allowed the simultaneous analysis of lamellipodia protrusion velocity (v=dx/dt) and lamellipodia frequency. Assays were performed in triplicate by analyzing 10 cells in each experiment.
Assay for analyzing melanin release
A375 cells were plated at a density of 5,000 cells/cm 2 in uncoated 35-mm glass bottom culture dishes (BD Biosciences) and grown for 18 h in complete DMEM. To assess the effects of sAPP and α-MSH on melanin release, cells were incubated with 100 nM sAPPrec 695 or 100 nM α-MSH in serum-free DMEM. To analyze the effects of UVB light on melanin release, cells were exposed to UV radiation (2 mJ/cm 2 ). UV radiation was provided and monitored by a Techne CL-508 crosslinker (Techne, Cambridge, UK) equipped with 5 8W-tubes (Vilber-Lourmat, Marnela-Vallée Cedex, France), emitting UVB light with a wavelength of 312 nm. To exclude effects of culture medium constituents during UV radiation, the culture medium was replaced by prewarmed PBS containing Ca 2+ and Mg
2+
. Morphometric quantitation of released melanin particles was performed using phase contrast micrographs of unfixed A375 cells in culture after treatment with sAPPrec 695, α-MSH, or UV radiation, respectively, for 8 h each. For transmission electron microscopy, cells together with released melanin particles were harvested and fixed as described below.
Statistical analysis
Data were expressed as means ± SD. Statistical significance was defined at values of P ≤ 0.01 using the one-way ANOVA software. Significantly different measurements were marked by asterisks.
Electron microscopy
For electron microscopy (EM) analysis, A375 cells and released melanin particles were fixed in 2% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.3) for 60 min at room temperature, followed by detachment with a cell scraper. Centrifugation at 10,000 g for 30 s in 400 µl round bottom polyethylene tubes using a swing out rotor provided cell pellets, which were postfixed with 1% unbuffered osmium tetroxide for 60 min at 4°C and stained en bloc with 4% unbuffered uranyl acetate for 60 min at room temperature. Samples were dehydrated in ethanol and embedded in Epoxy embedding medium (Sigma-Aldrich, Taufkirchen, Germany). Thin sections were stained with 2.5% unbuffered lead citrate for 10 min and examined with a Philips CM 120 electron microscope (Philips Electron Optics, Eindhoven, The Netherlands).
Light microscopy
Paraffin sections of isolated human epidermis were analyzed using an Axiophot light microscope (Zeiss). Phase contrast images were taken for the cytochemical visualization of DOPA using whole mount preparations of human epidermis. Confocal microscopy was employed for immunocytochemical visualization of β1-integrin in cryostat sections and of its lateral distribution in whole mount preparations of human epidermis, for the immunocytochemical colocalization of APP and tyrosinase in whole mount preparations, and for immunocytochemical visualization of APP in cultured melanocytes and melanoma cells.
RESULTS
Despite their well-known differences to their normal counterparts, melanoma cells have been shown to be comparable to melanocytes in their specific organization and function concerning dendritic morphology, melanin synthesis, and melanosome release. Indeed, similar to melanocytes, the melanoma cells used in this study expressed tyrosinase, they were active in the biosynthesis of melanin, and they exhibited a remarkable lamellipodia activity at the tips of their dendrites. We, therefore, consider this melanoma cell line suitable for studies on the general characteristics concerning APP expression and sAPP function. Nevertheless, in most experiments we have used primary melanocytes and melanoma cells in parallel. However, as the culture conditions of melanocytes for some experiments proved to be incompatible with the normal melanocyte function, we were limited in our experiments in studies on melanoma cells. These experiments were the radiometric quantitation of APP expression and sAPP secretion.
Isolation and whole mount preparation of human epidermis
Whole mount preparations of human epidermis were used to search for differences in the lateral distribution of cellular APP expression levels within the basal cell layer. For this purpose, sheets of intact epidermis were separated from their dermal layers after proteolytic digestion of human skin. Cross sections of intact human skin and isolated epidermis showed the integrity of all epidermal layers in light micrographs ( Fig. 2A and B) and high resolution scanning electron micrographs (data not shown). β1-Integrin known to be restricted to basal cells was predominantly located in the basolateral plasma membranes (Fig. 2C) , and whole mount preparations of isolated epidermis did not show any disruption of the basal cell staining (Fig.  2D) , thus confirming that the basal epidermal layer remained intact.
Immunocytochemical visualization of APP in melanocytes using whole mount preparations of isolated human epidermis and cultured melanocytes and melanoma cells
Cross sections of human skin showed that APP is mainly located in the basal epidermal layer (19) . The lateral distribution of APP in human epidermis using whole mount preparations confirmed this observation. However, we also detected a small population of cells with an exceptional high expression of APP (Fig. 3A) . These cells were identified as melanocytes due to their characteristic dendritic morphology, their integration into the basal layer, and the colocalization (Fig. 3B, yellow) of APP (green) with tyrosinase (red), a key enzyme in melanogenesis. The contrast in APP expression between melanocytes and keratinocytes was found to be sufficient to allow the immunocytochemical identification of melanocytes. The regular distribution of melanocytes in the isolated epidermis as detected by the visualization of APP was comparable to that of melanocytes detected by DOPA staining (Fig. 3C) .
Immunocytochemical localization of endogenous APP in NHEM (Fig. 4A ) and A375 cells (Fig.  4B-D) showed that APP is mainly localized in a reticulum within the perinuclear region and in granules at the tips of dendrites. Colocalization with tyrosinase indicated the expression of APP in premelanosomes, whereas colocalization with protein disulfide isomerase identified the reticular structure as endoplasmic reticulum (unpublished observation). APP-containing granules at the tips of dendrites were interpreted to represent mature melanosomes due to the very low level or the total absence of immunocytochemically detectable tyrosinase (unpublished observation). Higher magnification showed that APP in melanosomes was localized to the peripheral rims, i.e., the melanosomal membranes ( Fig. 4C and D) .
Expression of APP isoforms and secretion of sAPP in melanocytes and melanoma cells
Expression of the three APP isoforms 695, 751, and 770 in NHEM and human melanoma cells (A375) was determined by reverse transcription-polymerase chain reaction using primers flanking the differentially spliced exons and compared with NHK, HaCaT cells, and cells of the neuroblastoma cell line SH-SY5Y (Fig. 5) . A375 cells and NHEM as well as epidermal keratinocytes displayed the expression pattern characteristic of APP isoforms in peripheral tissues (36) with predominant expression of the isoforms 751 and 770 (Fig. 5) . Within this group of epidermal cells, melanocytes appear to exhibit the strongest signal of APP 695 expression. Nevertheless, in neuroblastoma SH-SY5Y cells, the expression of the APP isoform 695 was much more apparent (Fig. 5) , reflecting the expression pattern characteristic of APP in neuronal cells (36) .
APP expression and sAPP secretion in melanocytes were visualized by immunoblot (unpublished observation). To quantitate the amount of APP expression, A375 and HaCa cells were biosynthetically radiolabeled, lysed, and subjected to immunoprecipitation using the monoclonal antibody 6E10. sAPP secretion was determined by immunoprecipitation of the supernatants of cells using the same antibody. APP protein expression as determined by radioimmunoprecipitation of cell lysates showed that in A375 cells both the characteristic mature (~130 kDa) and the immature (~110 kDa) forms were detectable. APP expression in A375 cells was about four times above the expression in HaCaT cells (Fig. 6A) . sAPP secretion was found to be about three times as high in A375 cells as compared with HaCaT cells (Fig. 6B) .
Effects of sAPPrec and α-MSH on lamellipodia activity and melanin release in melanocytes and melanoma cells
Melanocytes reside in the basal epidermal layer and form multiple long dendritic processes through which melanosomes are transported from the perinuclear region to dendritic tips and transferred to keratinocytes thereby providing photoprotection of the epidermis. By performing live cell imaging using confocal laser scanning microscopy (CLSM), we quantified lamellipodia acticity at the tips of dendrites both of melanocytes (unpublished observation) and of melanoma cells (Fig. 7A) . Pictures taken at 0, 2, and 5 min illustrate the lamellipodia activity (Fig. 7A,  small figures) . Using a stroboscobic computer-assisted motility assay (35), we analyzed lamellipodia activity over a period of 5 min. A time space plot based on ~150 pictures with an interval of 2 s created a stroboscopic image (Fig. 7B) , which allowed the simultaneous analysis of lamellipodia protrusion velocity and lamellipodia frequency. Treatment with sAPPrec or α-MSH strongly increased both the velocity (Fig. 7C ) and the frequency (unpublished observation) of lamellipodia protrusion. sAPPrec 695 showed the strongest effect by increasing lamellipodia protrusion velocity ~2.3-fold.
Increased activity of the dendritic lamella has been shown to coincide with the release of melanin, and α-MSH and UVB radiation appear to direct this process (37). Our observations showed that similar to α-MSH and UVB radiation, treatment with sAPPrec 695 stimulates the release of melanin from melanoma cells (Fig. 8) . The extracellularly accumulating melanin particles were visualized by phase contrast micrographs obtained by CLSM (Fig. 8A) . Quantitation of released melanin particles 8 h after treatment showed that sAPPrec 695 had a stimulatory effect comparable to that of α-MSH since it increased the release of melanin from melanoma cells about twofold (Fig. 8B) . UVB radiation had the strongest effect on melanin release. Transmission electron microscopy revealed that the released melanosomal content consisted of highly electron-dense particles due to their composition of melanin. The melanin particles were not surrounded by membranes, thus supporting the view that their release occurred by exocytosis (Fig. 8A, inset) .
DISCUSSION
APP as an immunocytochemical marker
Epidermal melanocytes usually reside in the basal cell layer with their dendrites extending to the middle of the stratum spinosum, thereby interacting with 30-40 neighboring keratinocytes and forming the "epidermal-melanin unit" (1-3). Melanocytes are recognized by their structural characteristics, in particular by their dendritic organization, and by the synthesis of melanin, which is stored in specific organelles known as melanosomes. Similar to other lysosome-like organelles (38) , melanosomes develop unique morphological characteristics during their maturation and express a number of organelle-specific proteins, which, therefore, serve as melanocyte specific markers (39) . Such markers include tyrosinase (40, 41) , tyrosinase-related protein (TYRP1) (38) ; dopachrome tautomerase (TYRP2); the melanocyte specific glycoprotein Pmel17, also known as GP100 (42) ; and the melanocortin receptor MC1-R (43).
The expression levels of APP in epidermal melanocytes, which are exceptionally high among epidermal cells, provide sufficient contrast to immunocytochemically identify melanocytes and to distinguish them from surrounding keratinocytes. In whole mount preparations of the epidermis, APP can, thus, be used as a newly found marker protein for the immunocytochemical visualization of melanocytes. APP is, however, also expressed in basal keratinocytes (19, 30) and, therefore, not a selective melanocyte marker. In this respect, APP is comparable to other nonspecific melanocyte markers such as MC1-R, which exhibits an exceptionally high expression level in melanocytes but which is also detectable in other cell types of the skin such as fibroblasts and endothelial cells (43) .
Recent studies have shown that the APP isoform 695 is expressed at highest levels in neuronal cells (36) , whereas in non-neuronal cell systems such as keratinocytes the APP isoforms 751 and 770 are expressed ~8-to 10-fold above the level of APP 695 (19) . Melanocytes belong to a group of neuroectodermal cells, which share a common embryonic origin with cells of the central nervous system. Interestingly, the expression of APP 695 in melanocytes is weaker than in neuronal cells (see Fig. 5 ). These observations suggest that melanocytes and melanoma cells have adopted an APP expression pattern similar to that of cells in peripheral organs. In melanoma cells, APP protein expression levels are about three-to fourfold above the APP levels in keratinocytes, thus confirming the immunocytochemical observations on epidermal whole mount preparations (compare Fig. 6A and 3 ).
Secretory release of sAPP and of melanin
Endogenous APP in melanocytes and melanoma cells is preferentially localized in the perinuclear space and at the tips of dendrites. The perinuclear localization is in part granular and in part reticular. Whereas the reticular structures can be identified as endoplasmic reticulum by colocalization with protein disulfide isomerase (unpublished observation), the granular components represent the localization of APP in premelanosomes as indicated by its colocalization with tyrosinase. APP in the tips of melanocytic dendrites appears also granular but does not colocalize with tyrosinase, which together with TYRP1 and 2, Pmel17, and Mart1 (38) , is mainly found in premelanosomes. APP is another type 1 transmembrane protein, which is apparently present in premelanosomes as well as in mature melanosomes and, after their exocytic insertion, in the plasma membrane of melanocytes. The localization of APP to the membranes of melanosomes might be relevant for their cellular transport. It has been shown in neuronal cells that the axonal transport of APP-containing vesicles along microtubules is mediated by the kinesin light chain subunit of kinesin-1 (44) and that the C terminus of APP functions as a kinesin-1 membrane receptor (45) . As kinesin has also been shown to participate in the transport of melanosomes (46) , APP in their membranes may play a key role in the melanosomal movement to the tips of dendrites.
Our observations on the lack of membranes around the extracellularly accumulating melanin particles support the view that melanin release occurs by exocytosis (37). They do not exclude, however, that other modes of melanin transfer to keratinocytes may be established, i.e., cytophagocytosis leading to the engulfment of entire dendritic tips of melanocytes by keratinocytes and the transfer of melanosomes by membrane fusion between both cell types (47).
All APP isoforms 695, 751, and 770 contribute to the total amount of sAPP released by melanocytes or melanoma cells. The level of sAPP secretion in melanoma cells is about two-to threefold above keratinocytes and probably explained by the much higher expression of APP in melanoma cells. It is as yet unknown how the sAPP release in melanocytes and melanoma cells is regulated. However, studies from other cell types have shown that sAPP release occurs by α-secretase dependent cleavage (48) either intracellularly or on the cell surface (see Fig. 1 ).
Stimulation of melanocyte specific function by sAPP
Melanocytes are neural crest-derived cells that migrate during embryogenesis through the mesenchyme into a variety of organs including the human epidermis, which they reach at ~50 days of gestation (49) . Besides this ability to migrate, melanocytes already residing in the epidermis are still motile, in particular at the tips of their dendrites. Lamellipodial extension has been shown to be associated with actin assembly (50) , which is also the basis of dendrite formation and the motility at dendritic tips. Increased activity of the dendritic lamella has been shown to coincide with the release of melanosomes (37) . Two major factors foster this process, i.e., UV light, which increases the number of melanosomes in melanocytes (37) , and α-MSH, which leads to the ruffling of melanocyte membranes (51, 52) and to the transfer of melanin (37) . By using our stroboscobic computer-assisted motility assay (35), we show that sAPP is an additional factor that strongly stimulates lamella dynamics by increasing the velocity and the frequency of lamellipodia protrusion and the exocytic release of melanin. Both functions may be part of the same operational step: the release of melanin particles has been reported to result in uptake by keratinocytes only if both cell types are in close contact. Lamellipodia dynamics at the tips of dendrites and its stimulation by sAPP may bring about the contacts between both cell types and facilitate the release of melanin. The mode of sAPP action in the epidermis is comparable to other growth factors such as α-MSH or endothelin-1 (53) in the "epidermalmelanin unit": paracrine when sAPP is derived from keratinocytes and autocrine if released by melanocytes.
The signaling pathways of sAPP in melanocytes and melanoma cells are largely unknown. In keratinocytes, sAPPrec has been shown to act through the activation of a rac-kinase. Recent observations in our laboratory indicate that in melanocytes sAPPrec stimulates a redistribution of rac1 from a cytoplasmic perinuclear localization in resting cells to a predominant localization at the tips of dendrites (unpublished observation). These data suggest that rac1 is an important signaling intermediate in sAPP-induced dendritic activities as shown before for the action of α-MSH (54). Cleavage by α-secretase leads to the release of the soluble N-terminal ectodomain of APP (sAPP), while the action of β-and γ-secretases (β, γ) results in the production of amyloid β (Aβ; green). The three heparin binding sites (blue) and one of the putative proliferation-stimulating regions (yellow) are also depicted. For purification purposes, a 6 x His-tag was included at the N terminus of sAPPrec. . The phase contrast micrograph shows that melanin particles accumulated in the pericellular space 8 h after treatment (A). Transmission electron microscopy showed that the released melanosomal content was not surrounded by a membrane, supporting the view that melanosome release occurrs by exocytosis (A, inset). UVB radiation had the strongest effect on melanin release. sAPPrec, similar to α-MSH, increased the release of melanin ~2-fold as determined by counting the released melanin particles (B; * P<0.01, n=3). Bars, 10 µm (A), 500 nm (inset).
